T he peptidoglycans (PGNs) 3 are ubiquitous constituents of the cell walls of Gram-positive and Gram-negative bacteria. Numerous studies have reported on the immunobioactivities of bacterial PGN, most of which have been reproduced by a chemically synthesized low-molecular PGN fragment, muramyldipeptide (MDP) N-acetylmuramyl-L-alanyl-D-isoglutamine (or MurNAc-L-Ala-D-isoGln) (Fig. 1A) (1, 2) . Another type of PGN fragment, desmuramylpeptides (DMPs), has also been chemically synthesized to mimic PGN containing meso-diaminopimelic acid (meso-DAP), and the DMPs exerted similar bioactivities to MDP (Fig. 1B) (3, 4) . In 1982, the Fujisawa Pharmaceutical group (5) reported that ␥-D-glutamyl-meso-DAP (iE-DAP) is the minimum structural unit capable of eliciting bioactivities induced by DMPs. Recently, two research groups independently demonstrated that intracellular protein carrying a nucleotide-binding oligomerization domain (NOD), NOD2, was intracellular receptor for MDP (6, 7) . Then, the two groups also independently revealed that DMP containing DAP was recognized by another NOD protein, NOD1 (8, 9) . Recently, it has been reported that iE-DAP is the minimum PGN structure capable of stimulating NOD1 on human embryonic kidney cell line cells (HEK 293T) transfected with human NOD1 (6, 10) . In these reports, Chamaillard and colleagues (6) and Girardin et al. (10) described that DAP alone is completely inactive in this respect by using a commercial (Sigma-Aldrich) DAP, a mixture of meso-DAP, LL-DAP and DD-DAP, and meso-DAP purified from the commercial DAP, respectively.
In various mucosal tissues, epithelial cells interact with bacteria in normal flora and have been reported to produce several proinflammatory cytokines in response to bacterial stimuli. We revealed, however, that oral epithelial cells did not show enhanced production of proinflammatory cytokines such as IL-8 in response to various bacterial cell surface components, whereas several colonic epithelial cell lines produced inflammatory cytokines upon stimulation with bacterial components (11) . In contrast, we recently demonstrated that chemically synthesized bacterial cell surface components increase the expression of PGN recognition proteins (PGRPs) via TLRs, NOD1 and NOD2 in human oral epithelial cells (12) . PGRPs are a novel family of pattern recognition receptor molecules in innate immunity conserved from insects to mammals. These findings suggest that epithelial cells interacting constitutionally with normal flora might respond to bacterial cell surface components with the enhanced production of antibacterial molecules, such as PGRPs, to prevent bacterial invasion of host cells without producing proinflammatory cytokines to prevent possible tissue destruction through by excessive innate immune responses.
In the course of the study to examine the innate immune system in oral epithelium, we found unexpectedly that a commercial DAP specimen activated human oral epithelial cells. Therefore, to further characterize the bacterial moiety recognized by NOD1, we have conducted an exhaustive study using three chemically synthesized stereoisomers of DAP, meso-DAP, LL-DAP, and DD-DAP, in human epithelial and monocytic cells in culture. Furthermore, we examined whether synthetic meso-lanthionine, which is another diamino-type amino acid specific to PGN of some Gram-negative bacteria such as Fusobacterium nucleatum (13) , also activated human epithelial cells.
Materials and Methods

Reagents
The synthetic MurNAc-L-Ala-D-isoGln (MDP) was purchased from Protein Research Foundation, Peptide Institute. A synthetic Escherichia coli-type lipid A (LA-15-PP) was purchased from Daiichi Chemical. ␥-D-glutamyl-meso-DAP (iE-DAP) was synthesized as previously described (8) . Meso-lanthionine was synthesized by coupling of N-benzyloxycarbonyl-D-cysteine with ␤-L-chloroalanine according to the procedure reported by Photaki et al. (14) . The synthetic DMP, a PGN fragment containing DAP, FK156 (D-lactoyl-L-Ala-␥-D-Glu-meso-DAPGly) and its derivative, FK565 (heptanoyl-␥-D-Glu-meso-DAP-D-Ala) (5), was supplied by Astellas Pharmaceutical (formerly Fujisawa and Yamanouchi). Cytochalasin D was purchased from Sigma-Aldrich.
FIGURE 1.
Chemically synthesized bacterial PGN fragments. Chemical structure of Lys-type (A) and DAP-type (B) PGN and the respective minimum active moiety reported to sense NOD2 and NOD1 and chemical structures of synthetic DAP isomers and reference synthetic NOD1 agonists (C). NOD2 recognizes MDP (MurNAc-L-Ala-D-isoGln) moiety from Lys-type PGN (A) and probably also MurNAc-L-Ala-D-Glu moiety from DAP-type PGN (B). NOD1 recognizes the DMP moiety containing meso-DAP (B), whose minimum essential structure was reported to be iE-DAP (␥-D-Glu-meso-DAP) until this study. iE-DAP, FK156 (D-lactyl-L-Ala-␥-D-Glu-meso-DAP-Gly), and FK565 (heptanoly-␥-D-Glu-meso-DAP-D-Ala) were used as reference NOD1 agonists.
Preparation of the isomers of DAP
For separation of the three isomers of DAP (2,6-diaminopimelic acid), DL-dibenzyl 2-N-(benzyloxycarbonyl) 6-NЈ-t-butoxycarbonyl diaminopimelate, a racemic DAP derivative, was synthesized from DL-DAP (purchased from Sigma-Aldrich). ϩ . The 1 H-nuclear magnetic resonance spectroscopic data and optical rotation data were consistent with those reported.
Cells and cell culture
The human oral epithelial cell lines HSC-2 (15) and HO-1-u-1 (16), the human pharyngeal epithelial cell line HEp-2, the human esophageal epithelial cell line TE-1, and the human monocytic cell line THP-1 were obtained from the Cancer Cell Repository, Institute of Development, Aging and Cancer, Tohoku University (Sendai, Japan). The human colon adenocarcinoma cell line SW620 (CCL-227) was purchased from the American 
RNA isolation and real-time PCR
Total cellular RNA was prepared from human oral epithelial cells with Isogen (Nippon Gene) according to the manufacturer's instructions. Random hexamer-primed reverse transcription was performed using 2.5 l of total RNA in a 50-l reaction volume. Real-time PCR was performed with a LightCycler. The specificity of the PCR was confirmed by the molecular weight of the products and a melting curve analysis at each data point. The primers used for PCR had the following sequences: PGRP-L, 5Ј-ACT GAGGGCTGCTGGGACCA-3Ј, 5Ј-GGCCTCAGTGAATTCCTTGG-3Ј; PGRP-I␣, 5Ј-GTTCCGTGTGTCCATGTGAA-3Ј, 5Ј-TTGGGAAGCCA GAGAGACAC-3Ј; PGRP-I␤, 5Ј-ATGTCTCCACCACGGTCTCT-3Ј, 5Ј-CACCCACTGTTGTTGTGGAC-3Ј; PGRP-S, 5-CCGTGGCTGGAACT TCACG-3Ј, 5Ј-GCACATCCCGGTGTCCTTTG-3Ј; and human GAPDH, 5Ј-CATCACCATCTTCCAGGAGC-3Ј, 5Ј-CATGAGTCCTTCCACGAT ACC-3Ј. Cycling conditions were as follows: with PGRP-L, -I␣, -I␤, and -S, 40 cycles at 95°C for 15 s, 56°C for 15 s, and 72°C for 11 s; with GAPDH, 40 cycles at 95°C for 15 s, 56°C for 10 s and 72°C for 11 s. The results are expressed as relative mRNA accumulation corrected with reference to GAPDH mRNA as an internal standard.
Measurement of cytokines
The cells (10 4 cells per 200 l) were incubated with or without stimulant in RPMI 1640 medium with 1% FCS for 24 h in 96-well flat-bottom plates (Falcon; BD Discovery Labware). In some experiments, cytochalasin D (1 M) was added directly to the cell culture medium 30 min before stimulation to allow better stimulation by NOD ligands (17) . After cultivation, the culture supernatants were collected and the levels of IL-8, MCP-1, IL-6 and TNF-␣ were determined with ELISA kits (BD Pharmingen). The concentration of cytokines in the supernatants was determined using the SOFTMAX data analysis program (Molecular Probes).
RNA interference
Transfections for targeting endogenous TLR2, NOD1, and NOD2 were conducted using Lipofectamine 2000 (Invitrogen Life Technologies) and short interfering (si) RNA (final concentration, 200 nM) for 24 h at 37°C, according to the manufacturer's instructions. The cellular viability of the cells after transfection was Ͼ95%, as assessed by a 0.2% trypan blue exclusion test, and morphological character was not changed after transfection. The sequences of target mRNAs used in this study are: TLR2, 5Ј-AATCCGGAGGCTGCATATCC-3Ј; NOD1, 5Ј-AAGAGCCTCTTTGTC TTCACC-3Ј; and NOD2, 5Ј-AAGACATCTTCCAGTTACTCC-3Ј, and siRNA for TLR2, NOD1, and NOD2 were synthesized and purified by Silencer siRNA Construction kit (Ambion).
Flow cytometry
Flow cytometric analyses were performed using a FACSCalibur cytometer (BD Biosciences). The cells were stimulated with or without test materials for 24 h at 37°C. After incubation, cells were collected by nonenzymatic cell dissociation solution and washed in PBS. Cells were stained with anti-PGRP-I␤ mAb (mouse IgG1) (Imgenex), followed by FITC-conjugated goat anti-mouse IgG (BioSource International).
Immunostaining
Epithelial cells were cultured on eight-chamber glass slides (Falcon) until confluent and treated with test materials for 24 h at 37°C in a 5% CO 2 incubator and washed three times with PBS. After fixation with 4% paraformaldehyde for 15 min at room temperature, cells were treated with mouse anti-PGRP-I␤ mAb (1/100) for 3 h at room temperature without permeabilizing. For ␤-defensin 2 staining, intracellular staining was performed. Briefly, after fixation, the cells were treated with 0.5% Triton X-100 for 15 min and washed with PBS. Cells were then treated with goat anti-human ␤-defensin 2 (1/100) Ab for 3 h at room temperature. As a negative control, mouse IgG1 or goat Ig (DakoCytomation) was used. Samples were then washed and incubated with Alexa Fluor 488 goat antimouse IgG1 (1/500) or Alexa Fluor 488 rabbit anti-goat IgG (1/500), respectively. Nuclei were visualized by staining with 4Ј,6Ј-diamino-2-phenylindole (DAPI) in blue (Molecular Probes). Samples were photographed with an AxioCamMR monochrome digital camera mounted on the Zeiss AxioImager Z1 microscope using the application Zeiss AxioVision 4 software (Zeiss).
Statistical method
Statistical significances were determined using ANOVA with the Bonferroni or Dunnett method.
Results
Up-regulation of the expressions of PGRPs upon stimulation with meso-DAP in oral epithelial cells
To examine the bacterial moiety detected by NOD1, we first used human oral epithelial HSC-2 cells and carefully examined the ability of PGRP induction. A commercial DAP preparation for itself upregulated the mRNA expressions of four PGRPs on human oral epithelial cells in culture in dose-dependent manners, whereas LLys and D-Gln, both of which are also key amino acids in bacterial PGN, were inactive ( Fig. 2A) . The commercial DAP is a mixture of stereoisomers; DD-, LL-, and meso-DAP, among which meso-DAP is a PGN component of most Gram-negative and some Gram-positive bacteria such as Mycobacterium, Corynebacterium, and Bacillus, and LL-DAP was isolated from specific bacteria such as Clostridium perfringens and Propionibacterium acnes, whereas DD-DAP has not been isolated from any bacteria so far. Therefore, we chemically synthesized three isoforms of DAP (Fig. 1C) . In flow cytometry, meso-DAP induced PGRP-I␤ protein on human oral epithelial cells, whereas DD-DAP and LL-DAP were inactive in this respect (Fig. 2B) . A similar finding was also obtained by immunostaining (Fig. 2C) ; meso-DAP induced PGRP-I␤ expression and LL-DAP slightly induced PGRP-I␤ expression, whereas DD-DAP did not induce PGRP-I␤ expression. 
Specific suppression of PGRP mRNA expression induced by meso-DAP using siRNA targeting NOD1
To clarify the signaling pathway of cellular activation by meso-DAP, we used RNA interference assays targeting NOD1, NOD2, and TLR2 mRNA. The region of the TLR2, NOD1, and NOD2 mRNA targeted by the siRNA is shown in Materials and Methods. We confirmed that TLR2, NOD1, and NOD2 mRNA levels were suppressed by ϳ80% using specific siRNA in oral epithelial HSC-2 cells from 24 to 72 h of culture (Fig. 3A) (12) . The upregulated expressions of the mRNAs for PGRPs induced by meso-DAP were inhibited in NOD1-silenced oral epithelial cells, but neither NOD2-nor TLR2-silenced oral epithelial cells (Fig. 3) . However, siRNA for NOD1 did not inhibit responses induced by MDP (NOD2 agonist) nor lipid A (TLR4 agonist) in the same cells (Fig. 3) . These results indicated that regulation of PGRP mRNA by meso-DAP occurs through NOD1.
Secretion of proinflammatory cytokines upon stimulation with meso-DAP in intestinal epithelial cells and IFN-␥-primed oral epithelial cells
To further clarify cellular activation triggered by meso-DAP, we next examined the effect on production of proinflammatory cytokines in human epithelial cells. As described, some human intestinal epithelial cells such as SW620 produce inflammatory cytokines upon stimulation with bacterial components (11) . Human intestinal epithelial SW620 cells exhibited the productions of IL-8, MCP-1, IL-6, and TNF-␣ upon stimulation with meso-DAP in dose-dependent manners, although its activities were in general less than reference NOD agonists (Fig. 4, A-E) . In the assay, LL-DAP exhibited weak activity and DD-DAP were inactive.
Naive oral epithelial cells did not secrete proinflammatory cytokines in response to bacterial cell surface components (11), whereas IFN-␥-primed oral epithelial cells produced cytokines upon stimulation with bacterial components (18) . Therefore, we examined whether synthetic DAP preparations activated IFN-␥-treated oral epithelial cells to secrete IL-8. meso-DAP increased MCP-1, IL-6, and TNF-␣ as well as IL-8 production in IFN-␥-treated oral epithelial HSC-2 cells (Fig. 4, F-H) . LL-DAP exhibited weak activity and DD-DAP was also inactive in the assay (Fig. 4A) . However, compared with the ability of iE-DAP, FK156, or FK565, the ability of meso-DAP was weakest, whereas iE-DAP showed the strongest activity (Fig. 4I) . In our study, very high concentrations of NOD ligands are required to induce cytokines. Recently, Magalhaes (17) added cytochalasin D (1 M) to the cell culture medium to allow better stimulation by NOD ligands. It has been well established that cytochalasin D inhibits actin polymerization and allow components to internalize into the cells (19) . Therefore, we also examined IL-8-inducing abilities of NOD1 ligands against colonic epithelial SW620 cells in the presence of cytochalasin D. The result showed that stimulation with NOD1 ligands in the presence of cytochalasin D (1 M) exhibited a several hundred-fold higher ability to induce cytokines than stimulation with NOD ligands alone in terms of the amount of compound required to achieve 50% of maximum activity (Fig. 4J ).
Meso-lanthionine as well as meso-DAP induced ␤-defensin 2 in human epithelial cells
In consistency with results discussed, meso-DAP induced ␤-defensin 2 generation in oral epithelial HSC-2 cells, whereas DD-DAP and LL-DAP were inactive in this respect (Fig. 5A) . It must be noted here that meso-lanthionine also activated oral epithelial cells to generate ␤-defensin 2 (Figs. 5A) . Oral epithelial cells were not stained with goat IgG, followed by Alexa Fluor 488 (green) (data not shown). In addition, other oral epithelial cell line HO-1-u-1, the pharyngeal epithelial cell line HEp-2, the esophageal epithelial cell line TE-1, colon adenocarcinoma cell line SW620 and epitheloid carcinoma of cervix HeLa also produced ␤-defensin 2 upon stimulation with meso-DAP, but not DD-and LL-DAP (Fig. 5B) . These cells were not stained with goat IgG, followed by Alexa Fluor 488 (green) (data not shown).
Human monocytic cells scarcely respond to meso-DAP
Then, we examined whether meso-DAP activates human monocytic cells. All of three DAP isomers did not induce IL-8 production in human monocytic THP-1 cells, in which synthetic FK156, FK565, and iE-DAP as reference NOD1 agonists and MDP as an NOD2 agonist showed marked activities to augment production of IL-8, MCP-1, IL-6, and TNF-␣ (Fig. 6, A-D) . In addition, meso-DAP did not induce the expression of PGRPs mRNA on THP-1 cells (Fig. 6E) . We recently demonstrated that MDP and DMPs in combination with TLR agonists synergistically induced the production of IL-8 in an NOD2-and NOD1-dependent manner, respectively, in human monocytic THP-1 cells. We further examined possible synergistic IL-8 secretion by meso-DAP in combination with lipid A in THP-1 cells in culture. Meso-DAP did not enhance cellular activation even in combination with lipid A, whereas iE-DAP had a potency for synergistic IL-8 production (Fig. 6, F-H) . In contrast, in the presence of cytochalasin D meso-DAP (500 ng/ml) showed slightly but significantly induced the production of IL-6, IL-8, MCP-1, and TNF-␣ in THP-1 cells (Fig. 7) .
Discussion
In the present study, we first demonstrated that meso-DAP itself activates human cells via NOD1. Meso-DAP is a specific amino acid to most Gram-negative and some Gram-positive bacteria, and is a key moiety to make cross-link between stem peptides of these PGNs (Fig. 1) . In addition, LL-DAP, which was isolated from specific bacteria such as Clostridium perfringens and Propionibacterium acnes, also had a weak potency on cellular activation, whereas DD-DAP, which has been not isolated from any bacteria so far, was inactive in this respect. Furthermore, we demonstrated that synthetic meso-lanthionine was also recognized by NOD1. Mesolanthionine is a counterpart to meso-DAP in some Fusobacterium and related species such as Fusobacterium nucleatum (13) . In contrast, MDP (MurNAc-L-Ala-D-isoGln) or MurNAc-L-Ala-D-Glu, essential NOD2 sensing structures, are almost ubiquitously present in PGNs from both Gram-positive and Gram-negative bacteria (Fig. 1) . Therefore, NOD2 can elicit the broad recognition of bacteria, whereas NOD1 mediates the host response to a specified group of bacteria. Both PGN motifs are naturally occurring degradation products released from bacteria during growth (20) or processed by the host cells in the lysosomal compartment. These results indicate that NOD2 and NOD1 act as cytosolic pattern recognition receptors that recognize highly conserved PGN structures present in all and large populations of bacteria, respectively. Recent studies have shown that the Drosophila immune system detects Gram-positive and Gram-negative bacteria through the specific recognition of respective PGN motifs such as the meso-DAP-containing motif (21) . Thus, selective host recognition of bacteria based on the PGN structure is a ubiquitous system from insects to human. It should be emphasized that NOD1 is a likely special sentinel molecule in the epithelial barrier, allowing intracellular detection of bacteria through recognizing the meso-DAP motif of PGN. In fact, Inohara et al. (22) reported that NOD1 was expressed in multiple tissues and was thought to have an important role, in particularly epithelium. Therefore, NOD1 and NOD2 in cooperation might recognize DAP-type bacteria and induce sufficient protective responses against these bacterial invasions. In this study, MDP, iE-DAP, meso-DAP, FK156, and FK565 are used from the 1 to 100 g/ml range. Girardin et al. (6, 9, 10) reported significant activity of NOD agonists at the 50 pM/ml, which was a similar concentration to that of lipid A as a TLR4 agonist. It must be noted that Girardin et al. (6, 9, 10) microinjected test materials into cells, or cells were permeabilized by digitonin, whereas we only added the test materials to cell cultures without treatment to enhance permeability to examine responses under physiological conditions in most of the experiments in this study. Therefore, our system was not efficient for putting test materials into the cytoplasma of the cells, and excess amounts of materials may be required for cell activation. In this context, in the presence of cytochalasin D (1 M) to facilitate stimulation by NOD ligands according to Magalhaes et al. (17) , NOD1 ligands, including meso-DAP, exhibited a several hundredfold higher ability to induce IL-8 on human epithelial SW620 cells compared with that after stimulation with NOD1 ligands alone in terms of the amount of compound required to achieve 50% of maximum activity (Fig. 4J) . In the system, human monocytic THP-1 cells also respond to meso-DAP, although the cells scarcely respond to meso-DAP in the absence of cytochalasin D (Fig. 7) . These findings suggested that NOD1 is capable of recognizing meso-DAP even in monocytic cells, although under the physiological conditions meso-DAP could not be transferred to NOD1 in monocytic cells in contrast to epithelial cells.
Among human PGRPs, Wang et al. (23) reported that human PGRP-L is MurNAc-L-Ala amidase like PGRP-SC1B in Drosophila, both of which digest PGN. Murine PGRP-S was suggested to be involved in intracellular bacterial killing (24) . In this and previous (12) their binding ability to PGN and Gram-positive bacteria. PGRP-I␣ and PGRP-I␤ are reported to be highly expressed in the esophagus (25) . Both the esophagus and oral cavity are covered by squamous epithelial cells. If PGRP-I␣ and PGRP-I␤ functioned actively in the clearance of invasive bacteria, it is of benefit for hosts that PGRP-I␣ and PGRP-I␤ expressions are highly up-regulated upon stimulation with bacterial cell surface components in oral epithelial cells, which are the first cells encountered by bacteria in oral mucosa. In contrast, naive oral epithelial cells did not secrete inflammatory cytokines upon stimulation with bacterial components including NOD1 and NOD2 ligands, although IFN-␥-primed oral epithelial cells produced inflammatory cytokines in the same condition. It must be noted that some human intestinal epithelial cell lines such as SW620 and HT29 secreted IL-8 in response to LPS, whereas other human intestinal epithelial cells lines such as T84 and Caco2 cells were completely unresponsive to LPS (26, 27) . Furthermore, the responsiveness of human intestinal epithelial SW480 cells was about one-tenth weaker than that of human intestinal epithelial SW620 cells, both of which were isolated from the same person (11) . Although proinflammatory cytokine responses of human intestinal epithelial cells to bacterial stimuli have not been examined so far, intestinal epithelial cells produce anti-bacterial factors upon stimulation with bacterial components including NOD ligands (28) . There is a good possibility that naive epithelial cells in general produce antibacterial factors, but not proinflammatory factors, to prevent bacterial invasion without excessive inflammatory responses, which may lead to tissue destruction.
It is not clear whether the meso-DAP itself actually exhibits bioactivities in vivo. It is interesting that NOD1-deficient mice were more susceptible to infection with Helicobacter pylori than wild-type mice (29) . In this context, mucosal tissues of NODdeficient mice are generally normal, but they are susceptible to bacterial infection orally (28) . Further studies using NOD1-deficient mice are needed to understand the biological function of NOD1. In addition, bacteria carrying DAP-containing PGN also possess molecules capable of stimulating multiple pattern recognition proteins. Thus, analysis of NOD1 function in the absence and presence of other pattern recognition receptors may be required to unravel the practical roles of NOD1 in host defense against bacteria.
